and to recognize the stop codon through an anticodon interaction occurred at physiological salt concentrations (150 mM NaCl) but was disrupted in the presence of 500 mimicry element (Bertram et al., 2000) .
In a search for partners of the Moloney MuLV RT, we mM NaCl. As much as 10%-20% of the input RT was recovered in association with the GST-eRF1 beads. In used a yeast two-hybrid assay to screen a mouse cDNA library for proteins that interact with RT, and identified control experiments, RT did not detectably interact with beads alone, or with beads containing GST alone. the mammalian polypeptide release factor eRF1. Analysis of RT mutants shows that the RT-eRF1 interaction is Both RT and eRF1 interact with nucleic acids, and thus it is conceivable that the interaction would be mediimportant for efficient translation of the Gag-Pol protein, and thus that RT enhances its own synthesis by moduated or enhanced by an RNA or DNA bridge. To test this possibility, the immobilized GST-eRF1 was pretreated lating translational readthrough. with RNase or DNase and then tested for its ability to bind purified RT. Treatment with high concentrations of Results RNase, DNase, or both had no effect on the binding of RT ( Figure 1C ), suggesting that binding is likely attributYeast Two-Hybrid Screen For Proteins Interacting able to a direct protein-protein interaction. with the MuLV RT To identify cellular proteins that interact with the MuLV RT, the LexA DNA binding domain (LexADB) fused to eRF1 Binds to Both the DNA Polymerase the full-length RT was used as bait to screen a mouse and RNase H Domains of RT cDNA library of sequences expressed as fusions to the MuLV RT contains two distinct domains: an N-terminal Gal4 activation domain (Gal4AD). Out of approximately domain containing the DNA polymerase activity, and a 10 6 yeast colonies screened, four positive colonies were C-terminal domain containing RNase H activity. Each found to contain independent isolates of cDNAs encoddomain can function independently in vitro (Tanese and ing eRF1. Sequence analysis showed that Gal4AD was . To test whether eRF1 interacts with the fused in frame to four different positions near the 5Ј end separate domains, beads containing GST-eRF1 were of the eRF1 sequence; all the isolates extended to the incubated with intact RT, the polymerase domain alone 3Ј end of the cDNA ( Figure 1A ). Table S1 at http://www.cell.com/cgi/content/full/115/3/ Coomassie stain. eRF1 bound the polymerase domain 319/DC1). To confirm that the full-length eRF1 protein as efficiently as the complete RT in 50 mM salt, but the also interacts with RT, the complete coding region was interaction was more sensitive to higher salt concentraobtained by PCR amplification from a mouse liver cDNA tions ( Figure 1D ). eRF1 bound the separated RNase H library, and was used to generate a plasmid encoding domain as efficiently as the complete RT under these full-length Gal4AD-eRF1. LexADB-RT interacted with conditions (not shown). These experiments suggest that this protein as well as with the four original isolates. A eRF1 interacts strongly with the RNase H domain and LexADB-Gag-Pro*-Pol construct expressing the entire more weakly with the polymerase domain. uncleaved Gag-Pol protein, carrying a mutation in the protease active site, also bound Gal4AD-eRF1 equally Interaction of eRF1 with the DNA Polymerase well. A LexADB-eRF1 fusion also interacted strongly Domain of RT Can Be Blocked by Competition with Gal4AD-RT.
All four clones required (RT⌬RH), or the RNase H domain alone (RH). The bound LexADB-RT to activate the LacZ reporter (Supplemental proteins were examined on gels by Western blot or by
with Excess tRNA To examine the specificity of the interaction of eRF1 RT can bind specifically to tRNA and can select tRNA for MuLV RT, the eRF1 clones were tested for interaction from a mixture of other RNAs (Panet and Berliner, 1978) . with the p66 and p51 subunits of HIV-1 RT (Tachedjian Since the structure of eRF1 is similar to that of tRNA et al., 2000). None of the eRF1 constructs interacted (Song et al., 2000) , it is possible that RT binds to eRF1 with the HIV-1 RT fusions (Supplemental Table S1 ). Thus, at the same site that is used to bind tRNA. To test this eRF1 showed a specific affinity for the MuLV RT and notion, GST-eRF1 was used to bind RT in the presence not HIV-1 RT. The Gal4AD-eRF1 proteins failed to interof tRNA as competitor. While the interaction of eRF1 act with a variety of unrelated LexA fusion proteins (data with the complete RT could not be competed away by not shown). None of the lexA-eRF1 proteins interacted tRNA, the weaker interaction with the DNA polymerase with the Gal4AD-eRF1 proteins, suggesting that eRF1 domain was blocked by excess tRNA ( Figure 1E ). This does not form homodimers. eRF1 also interacted strongly result is consistent with the possibility that the binding with its partner eRF3.
of the polymerase domain to eRF1 mimics the binding to structurally similar tRNAs. eRF1 Binds to MuLV RT In Vitro To test whether RT binds to eRF1 in vitro, eRF1 was expressed in bacteria as a fusion protein with glutathi-RT Enzymatic Activities Are Neither Required for Nor Affected by eRF1 Binding one S transferase (GST) and isolated by adsorption to glutathione beads. The beads containing GST-eRF1
To test whether the catalytic activities of RT are required for the interaction, GST-eRF1 was tested for its ability to were incubated with recombinant RT under various conditions, and the bound proteins were analyzed by Westbind variants with point mutations affecting the catalytic sites. eRF1 bound a mutant lacking DNA polymerase ern blots with anti-RT antibody. MuLV RT was efficiently bound by GST-eRF1 ( Figure 1B) ciently as the wild-type RT ( Figure 1F ). Thus, enzyme particles were purified, and the levels of HA-eRF1 were assessed by Western blot ( Figure 2C ). Whereas wildactivity is not required for the interaction. type virions and virions lacking the RNase H domain The interaction of eRF1 with RT might be supposed both contained high levels of HA-eRF1, mutant virions to alter or inhibit the enzymatic activities of RT. Addition lacking RT showed almost none of the protein (lane 6). of increasing amounts of purified GST-eRF1 to a conThus, the incorporation of eRF1 did not occur with empty stant amount of RT or RT⌬RH had no effect on RNAvirions but required the presence of RT in the particle. dependent DNA polymerase activity on homopolymer
The DNA polymerase domain even without the RNase substrates ( Figure 1G ). To test for effects on processi-H domain was sufficient to mediate the incorporation vity, a primer extension assay was performed with or of the protein. Control analysis of the blots showed the without addition of a competitor trap to prevent enzyme presence of CA and RT proteins in the virions as exrebinding. GST-eRF1 had no effect on the yield of long pected, and of HA-eRF1 in the cell lysates at levels products made by either RT or the poorly processive appropriate for its incorporation into virions. mutant RT⌬RH ( Figure 1G) . Assays of RNase H action eRF1 also bound to the uncleaved Gag-Pol precursor. on an RNA-DNA hybrid substrate showed no effect of Expression of tagged eRF1 with a mutant provirus in addition of GST-eRF1 on the digestion pattern (not which the viral protease was inactivated by mutation of shown). To confirm that the complex retained catalytic the active site showed virion incorporation at a level activity, beads containing GST-eRF1 were used to bind equal to that seen in the wild-type virus (data not shown). RT, unbound enzyme was removed by washing, and the Thus, the initial translation product, the Gag-Pol precurbound proteins were assayed for RNA-dependent DNA sor, could interact with eRF1 and in principle could affect polymerase activity. The complex retained comparable its function cotranslationally. specific activity to the free enzyme (data not shown). These results suggest that the interaction did not ocOverexpression of RT Causes clude the active sites.
Enhanced Translational Readthrough of a Reporter Construct eRF1 Associates with Virion Particles In Vivo
The Cells were transformed with the reporter and various To confirm that the tagged eRF1 was associated with levels of DNA expressing HA-RT, and after 48 hr lysates virions, purified virus from cotransfected cells was laywere prepared and assayed first for firefly luciferase; ered onto linear 25%-55% sucrose gradients and centrithe reactions were quenched, and the same lysates were fuged to equilibrium. Fractions were analyzed by Westthen assayed for renilla luciferase. The proportion of the ern blot. HA-eRF1 and the viral CA protein sedimented ribosomes that readthrough was calculated from the two with the identical profile and with a peak centered at a activities ( Figure 3A ). Cells transformed with the reporter density of approximately 1.16 g/ml ( Figure 2B ). These alone gave a basal readthrough frequency correspondresults suggest that eRF1 interacts with viral proteins ing to a ratio of approximately 4.2%. The addition of in infected cells and, when present at high concentraincreasing levels of RT caused a dose-dependent intions, is incorporated into virion particles. crease in the ratio to a maximum of 9%, more than double the basal level. Significantly, at a fixed level of Incorporation of eRF1 Into Virions RT, the expression of HA-eRF1 restored the readthrough is RT-Dependent levels to the basal frequency. These experiments sugThe association of eRF1 with virion particles could be gest that overexpression of RT can inhibit eRF1 activity mediated by nonspecific mechanisms or could reflect and so promote an enhanced level of readthrough at specific interaction with RT. To assess whether virionthe Gag-Pol boundary. This readthrough was blocked associated RT was required for the incorporation of by excess eRF1. We note that even moderate amounts eRF1 into particles, virus particles lacking portions of of the RT expression construct used in these experi-RT were generated. Cos7 cells were cotransformed with ments directed the synthesis of much higher levels of HA-eRF1 and M-MuLV mutants in which the RNase H RT than are achieved in normal infections. Western blots confirmed the expression of RT and eRF1 ( Figure 3B ). domain or the entire RT was deleted. The mutant virion These readthrough experiments were limited by a prothe production of virion CA proteins and intracellular Gag protein; similar expression of eRF1 or the control foundly toxic effect of high-level expression of RT. In p11 protein had no such effect. The inhibition of CA many experiments, high levels of the DNA expressing release was strongly dose-dependent with increasing RT were not tolerated, causing the bulk of the cells to levels of the RT plasmid DNA. As intracellular levels of round up and detach from the plate. The effects of these RT increased, the levels of released CA and intracellular higher levels of RT could thus not be assessed.
Gag decreased proportionally. These effects were not specific for the viral proteins, but were manifest as a 
Isolation of Noninteracting Mutants of RT
To test the role of the interaction of RT with eRF1 in viral gene expression, we sought to isolate RT mutants that could no longer interact with eRF1. These screens were complicated by the fact that both domains of RT were independently capable of interacting with eRF1, and based on the virion incorporation results, both needed to be eliminated to prevent interaction. A twostep procedure allowed for the recovery, first, of a single mutation in RNase H (G525E), and, second, of a number of mutations in the DNA polymerase that together blocked binding of RT with eRF1 in yeast (see Supplemental Data at http://www.cell.com/cgi/content/full/ 115/3/319/DC1 for details). Six mutant clones were identified which produced high levels of a stable fusion protein with the same apparent size as the parental construct ( Figure 5B ). The mutant RTs in these lysates were then tested for RNA-dependent DNA polymerase activity on a homopolymeric template. Three of the mutants mental Table S2 ). ure 6A). These results suggest that an interaction with mutants were completely replication defective and did not generate progeny even after two weeks ( Figure 6B ). eRF1 is required for efficient synthesis of Pr200 gag-pol , and conversely that the failure to interact with eRF1
RT Mutants that Do
The failure of the noninteracting mutants to direct the synthesis of high levels of Pr200 gag-pol is mostly simply dramatically reduces the levels of Gag-Pol protein that are made in vivo.
attributable to a low rate of readthrough synthesis, but an alternative explanation is that the mutations in RT The production of intracellular Pr65 gag resulted in the release of high levels of virion particles in all cases. In could render the protein unstable, even though they did not do so in yeast. To address this issue, the UAG stop the wild-type and G525E mutant virions, most of the Gag precursor was successfully processed by the viral codon at the end of the gag gene was changed to a CAG codon encoding glutamine, the residue incorpoprotease to yield the mature CA proteins. In the case of the virions produced by ⌬RT and the three noninterrated during readthrough, in each of the RT mutant genomes. The DNAs were used to transform 293T cells, acting mutants, the bulk of the Gag protein remained unprocessed, with only traces cleaved to form CA. This and the cells were then metabolically pulse-labeled with { 35 S}-methionine and -cysteine. Lysates were prepared limited cleavage is consistent with the low levels of GagPol and low levels of the PR protease contributed by after a 30 min or 2 hr chase period with unlabeled amino acids. The proteins were immunoprecipitated with antithe Gag-Pol precursor. RT assays of these preparations showed high levels in the wild-type, moderate levels in Gag antisera, collected on protein A beads, and analyzed by SDS gel electrophoresis followed by autoradiothe G525E mutant, and undetectable levels in the double mutants ( Figure 6B ). The virus stocks were then used graphy ( Figure 6C ). Since no readthrough was required for its synthesis, the wild-type, the G525E mutant, and to infect Rat2 cells, and the ability of the virus to spread in the cultures was assessed by RT assay. While the the three noninteracting mutants all made high levels of the Gag-Pol fusion protein. Further, the Gag-Pol prowild-type virus rapidly spread in the cultures, all the
factors. Recoding of RNAs during translation is a notable example (Atkins et al., 1990; Gesteland et al., 1992).
The results presented here show that the murine leukemia virus RT interacts specifically with the translational release factor eRF1 to increase its own gene expression. The interaction was detected in yeast, in vitro, and in mammalian cells expressing viral proteins, and apparently does not require nucleic acids to bridge the proteins. The binding must involve extended interactions between the proteins, with independent contacts involving both the DNA polymerase and RNase H domains of RT. eRF1 does not enhance or inhibit the polymerase or RNase H activities of RT.
The structure of eRF1 is similar to that of a mature tRNA (Song et al., 2000) , and the interaction with RT may be similar to the binding of tRNA to RT. tRNA in excess was able to compete with eRF1 for binding to the polymerase domain, but not to the intact enzyme. While the RT of some viruses can selectively bind the tRNA used as primer for DNA synthesis-e.g., tryptophan tRNA for RSV (Panet et al., 1975 )-the RT of the murine leukemia viruses seems to bind all tRNAs without selectivity (Panet and Berliner, 1978) . It is not known precisely how tRNAs are bound to any RT, however, and it is not clear that they bind at the active sites or are initially positioned so as to serve as primer for DNA synthesis. Indeed, complex unfolding and annealing reactions must occur to place the tRNA on the genomic interaction with some other protein that is relieved by eRF1. It should be noted that the inhibition of protein synthesis was induced only at very high levels of RT teins of all the mutants were equally stable, persisting expression, much more than would normally be in the cells without significant loss for the 2 hr chase.
achieved in an infected cell, and indeed infection does Thus, the low levels of Gag-Pol seen in noninteracting not cause such inhibition. Further, in a normal infection, mutants when translation must pass through the stop RT is only present in the context of the Gag-Pol precurcodon are not due to instability of the product but reflect sor and is quickly encapsidated in nascent virion partilow levels of synthesis. As control for transfection efficles. The cytotoxic effect, even though seen at artificially ciencies, all the mutants made equal levels of the Env high levels of RT, suggests that this interaction of RT precursor protein encoded by the spliced viral mRNA. with eRF1 can have important effects on cellular translation.
Discussion
In the context of the retroviral genome, we find that the interaction of RT with eRF1 has a major role in reguViruses often make unusual changes to the normal host lating the level of readthrough that mediates formation machinery for gene expression, activating particular of the Gag-Pol precursor in vivo (Figure 7) . Point mutapathways, removing or inhibiting unnecessary compotions in RT that block eRF1 binding significantly reduce Gag-Pol translation. Thus, the binding of eRF1 by wildnents, or introducing specific modifications to other host 
Construction and Screening of Mutant Libraries
A mutant provirus without the termination codon at the end of Mutants of RT lacking the ability to interact with eRF1 were conthe gag gene was generated using the GeneEditor in vitro sitestructed in two steps. Plasmid pSH-RT-Hyg encoding a LexA-RTdirected mutagenesis system (Promega). Mutant proviruses that Hyg fusion was randomly mutagenized by passage through E. coli 
